Reducing contamination is essential for producing optical coatings with high resistance to laser damage. One aspect of this principle is to make every effort to limit long interruptions during the coating's deposition. Otherwise, contamination may accumulate during the pause and become embedded in the coating after the deposition is restarted, leading to a lower laser-induced damage threshold (LIDT). However, pausing a deposition is sometimes unavoidable, despite our best efforts. For example, a sudden hardware or software glitch may require hours or even overnight to solve. In order to broaden our understanding of the role of embedded contamination on LIDT, and determine whether a coating deposited under such non-ideal circumstances could still be acceptable, this study explores how halting a deposition overnight impacts the LIDT, and whether ion cleaning can be used to mitigate any negative effects on the LIDT. The coatings investigated are a beam splitter design for high reflection at 1054 nm and high transmission at 527 nm, at 22.5° angle of incidence in S-polarization. LIDT tests were conducted in the nanosecond regime.
INTRODUCTION
The large optics coating system at Sandia National Labs uses e-beam evaporation to produce optical coatings with high resistance to laser damage for the kJ-class Z-Backlighter laser system 1, 2 .
Most of the coating processes are automated and require little or no intervention once the processes have begun. The coatings are usually completed without anomalies, but on rare occasions we have experienced a software or hardware issue, and repairs necessitated the coating process to pause for several hours or even overnight. Another reason a coating may be paused is if the duration of the coating process exceeds the operators' working hours. For example, we have recently begun to explore some coatings that require longer than 15 hours to deposit. An operator is not required to be present for the full 15 hours if the coating is deposited on an inexpensive test substrate, but if the substrate happens to be a valuable optic, then an operator is always present to monitor the process. Unfortunately, having operators present for longer than 15 hours is usually not feasible, even if they are on different shifts, so in this case we divide the coating deposition over two days with an overnight pause in between.
The assumed drawback of pausing a coating is that the downtime may cause contamination to accumulate on the surface of the partially coated substrate, and resuming the deposition the next day would cause the contamination to be trapped and embedded within the coating. Embedded contamination is undesirable because it could be a source of absorption that lowers the LIDT of the coating. The purpose of this study was to evaluate the impact of embedded contamination on LIDT, and to determine if in-situ cleaning could be used to remove the embedded contamination and improve the LIDT.
Our in-situ cleaning method of choice is ion cleaning, based on the principle of ion milling, because it is a gentle and quick process that will not impart large stresses on the coated surface, and does not involve volatile gases 3, 4 . In addition, our existing ion source is appropriate for the task. Other applications of ion milling for optical coatings include ion- 
EXPERIMENTAL METHOD
All of the coatings were produced using e-beam evaporation with IAD at 120⁰ C. The coating system uses planetary rotation and masking to maintain coating uniformity. Quartz crystal monitoring with a single crystal is used for layer thickness control. The SiO 2 layers were produced from the evaporation of SiO 2 granules (1-3 mm in size) from a rotating dish. The HfO 2 layers were produced by evaporating hafnium metal in an oxygen environment. IAD was provided by a 16 cm diameter, gridded radio-frequency ion source. Deposition parameters, including pressure, deposition rates, and IAD parameters, are shown in Table 1 . Before each coating took place, the base pressure in the coating chamber was near 4e-6 Torr. Our pressure readings were determined using a Stabil-Ion gauge from Granville Phillips. Each coating was deposited onto a 50 mm diameter, 10 mm thick, optically polished fused silica substrate. Each substrate was prepared according to our standard cleaning method 12 immediately before they were loaded into the coating chamber.
The three test coatings that were conducted are summarized below in more detail:
• Coating A: Deposit the 26-layer coating without pausing.
• Coating B: Deposit the 26-layer coating over a two-day period with an overnight pause (20 hours): layers 1-13 deposited on day 1, layers 14-26 deposited on day 2.
• Coating C: Deposit a coating over a two-day period with an overnight pause (22 hours): layers 1-13 deposited on day 1, layers 14-26 deposited on day 2, ion cleaning used to remove embedded contamination after the overnight pause on day 2.
While coatings B and C were paused overnight, the chamber remained at 120⁰ C, and the pressure in the chamber prior to restarting deposition on day 2 was 2e-6 Torr. Table 2 shows the ion cleaning procedure that was performed with our ion source after the pause of coating C. The ion cleaning procedure was divided into 2 steps: (1) argon etch, and (2) oxygen etch. The argon etch is believed to rid the coated surface of contaminants, and the oxygen etch is believed to help replenish oxygen in the exposed HfO 2 layer that may have been removed by the argon etch. Step 1: Argon Etch (10 Minutes)
Step 2: Oxygen Etch (1 Minutes) • Ion beam: 400 mA, 150 V • Gas flows: 25 sccm argon, 5 sccm oxygen, 7 sccm argon from neutralizer
• Ion beam: 600 mA, 400 V • Gas flows: 0 sccm argon, 45 sccm oxygen, 7 sccm argon from neutralizer
Because the goal of this study is to learn how embedded contamination impacts LIDT if a coating is paused overnight, we performed these coatings under poor conditions that could represent a worst-case scenario for contamination. The chamber walls were heavily loaded with coating material from performing coatings almost every day for 2 months prior to this experiment. In fact, the uniformity masks were so loaded with coating material that it was flaking off the masks when the chamber was vented. On a final note, the coating itself had not been calibrated, which could also influence the LIDT.
After the test coatings were produced, they were washed with detergent and DI water using our standard cleaning method 12 , and then sent to the laser damage testing facility.
LASER DAMAGE TESTING PROTOCOL
The LIDTs of the test coatings were measured at 532 nm and 1064 nm at 22.5° AOI in S-pol. The laser damage measurements were conducted by Spica Technologies, Inc. 13 using the NIF-MEL method 14 . In this protocol, the coated surface of the test optic first undergoes an alcohol drag-wipe cleaning step. Then, single transverse mode, multilongitudinal mode laser pulses of 3.5 ns duration and produced at a 5 Hz repetition rate in a 1 mm diameter collimated beam are incident one at a time per site in a raster scan composed of ~ 2500 sites over a 1 cm 2 area. In the raster scan, the laser spot overlaps itself from one site to the next at 90% of its peak intensity radius. The laser fluence typically starts at 1 J/cm 2 in the cross section of the laser beam. After testing the 2500 sites at 1 J/cm 2 , the fluence is increased in a 3 J/cm 2 increment and the 2500 sites are tested again. This progression repeats until the damage threshold fluence is reached.
The NIF-MEL procedure is essentially an N-on-1 test at each of the 2500 sites. Laser damage is identified as some type of melt or crater that alters the coated surface, but in some cases the damage stabilizes as a damage site that does not propagate -that is, grow in size -as the laser fluence increases. These non-propagating (NP) damage sites tend to be caused by the interaction of the laser field with nano-defects (pits, nodules, or contamination) in the coating. In other cases, the damage does propagate. Propagating damage tends to be intrinsic, governed by how the laser field interacts directly with the coating molecules.
According to the NIF-MEL damage criterion, the LIDT is reached at the fluence at which 1 or more propagating damage sites occurs, or the fluence at which the number of NP damage sites accumulates to at least 25, whichever fluence is smaller. The 25 or more NP sites are 1% or more of the 2500 sites tested and constitute about 1% or more of the 1 cm 2 coating area tested. Our reason for choosing an LIDT test with these damage criteria is the following. We know we cannot tolerate a propagating damage site in the laser beam train because it will quickly develop into catastrophic damage in the form of a large crater in the optic or worse; and 25 or more NP damage sites per cm 2 , while they are benign because they do not grow, are flaws in the coating that scatter about 1% or more of the laser light out of the beam, and that level of loss of laser intensity is unacceptable for us.
RESULTS
The test coatings were evaluated according to their LIDTs and ability to meet spectral requirements. Spectral scans of the coatings are provided first, followed by the LIDT results. Figure 4 shows the transmission spectral scans of each test coating that were taken with a Perkin-Elmer Lambda 950 spectrophotometer at 22.5⁰ AOI, S-pol. As mentioned before, these coatings are preliminary and were not calibrated, and this is especially apparent due to the "half-wave dip" behavior seen at 527 nm. This indicates that the coating layer thicknesses require an adjustment in order to produce the desired high transmission behavior at 527 nm.
Another potential problem is that there are spectral differences between the test coatings; normally we produce coatings that appear practically identical to each other when the same coating design has been repeated. We believe the spectral night. e t could at ht pause changed the coating in such a way that its LIDT actually increased. Third, ion cleaning applied after the overnight pause also helped increase the LIDT; however, the coating that was ion cleaned also showed slightly elevated levels of nonpropagating defects. Finally, the physical changes that occurred in these coatings as a result of the overnight pause and ion cleaning have resulted in minor spectral differences between the coatings. The physical changes in the coatings that are responsible for these findings are yet to be determined. Any of the following could be factors: water absorption, stress relaxation differences between the coating layers deposited on day 1 and day 2, and coating material composition changes due to ion cleaning.
This study allows us to set aside our fear that pausing a coating overnight will cause it to accumulate contamination that lowers the LIDT. Our coating strategies and operations will have more flexibility as a result of this finding. Because we did not observe any LIDT discrepancies due to embedded contamination, we do not know how long a coating can be paused before embedded contamination actually becomes a problem. This study could be extended to investigate this, in addition to determining whether the findings are repeatable with other coating designs and coating materials, such as TiO 2 and Ta 2 O 5 .
